Background: Qabc-and R-SNARE proteins are key components for membrane fusion in eukaryotic organelles. Results: Reconstituted SNARE proteoliposomal study reveals distinct contributions of Qabc-and R-SNAREs to the specificity of membrane fusion. Conclusion: An assembly of proper Qabc-SNARE combinations is critical for mediating fusion specificity. Significance: This provides new insights for understanding how cells organize their complex membrane trafficking pathways.
Membrane fusion is vital for vesicle trafficking and organelle morphogenesis in eukaryotic cells. Fusion is catalyzed by numerous proteins in the secretory pathway: soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) 2 ; SNARE chaperones, which permit assembly and disassembly of SNAREs (N-ethylmaleimide-sensitive factor, ␣ soluble N-ethylmaleimide-sensitive factor attachment protein, and Sec1p/Munc18-1p family proteins), Rab GTPases; Rab effectors; and tethering complexes (1) (2) (3) (4) (5) (6) . Efficient fusion also requires specific lipids, including sterols, diacylglycerol, phosphatidic acid, phosphoinositides, and phosphatidylethanolamine (PE) (7) (8) (9) (10) (11) (12) (13) (14) . These conserved proteins and lipids are thought to interdependently form the microdomains for membrane fusion (7, 8, 15) .
Of the numerous protein components, SNARE proteins have been recognized as core machinery to drive membrane fusion (4) . Their characteristic heptad-repeat SNARE motifs spontaneously assemble into four-helical bundles (16, 17) . On the basis of the position of three glutamine (Q) residues and one arginine (R) residue in the central layer of the four-helical SNARE bundle (0Ј layer), SNAREs are classified into four subfamilies: Qa-, Qb-, Qc-, and R-SNAREs (18) . Generally, three Qabc-SNAREs (Q-SNAREs) on one membrane and one R-SNARE on the other form a trans-QabcR-SNARE complex anchored to opposed membranes destined to fuse (4) .
In vitro studies using reconstituted proteoliposomes (RPLs) indicate the intrinsic fusogenic capacities of isolated SNAREs, showing that pairs of Q-SNARE RPLs and R-SNARE RPLs can cause fusion through trans-SNARE complexes (19 -21) . This RPL approach has been further employed to test whether SNAREs themselves ensure the specificity of membrane fusion (22) (23) (24) . A high degree of specificity was observed by comprehensive analyses with yeast SNAREs (22) , whereas RPLs bearing mammalian SNAREs in the endosomal and exocytic pathways can fuse rather promiscuously (24) . Thus, it remains unclear as to what extent SNAREs contribute to fusion specificity. Here, we have investigated fusion specificity with RPLs bearing vacuolar, endosomal, and ER-Golgi SNAREs in yeast. We thoroughly compared the "cognate" set of Q-and R-SNAREs that is required for homotypic vacuole fusion with a variety of the "non-cognate" SNARE combinations and reveal the clear requirement for specific Qabc-SNARE assemblies for fusion.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The SNARE coding regions used in this study (Vam3p, Pep12p, Vti1p, Vam7p, Tlg1p, Syn8p, Nyv1p, Snc2p, and Sec22p) were amplified by PCR from yeast Saccharomyces cerevisiae genomic DNA and cloned into pET-30 Ek/LIC and pET-41 Ek/LIC vectors (Novagen). To prepare the untagged SNAREs with three extra N-terminal residues (Gly-Pro-Gly) after cleavage by human rhinovi-rus 3C protease (Novagen), the sequence encoding the protease site (Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro) was inserted into all the generated vectors using a QuikChange site-directed mutagenesis kit (Stratagene). All SNAREs were produced in the Rosetta 2(DE3) or Rosetta 2(DE3)pLysS Escherichia coli strain (Novagen) in TB medium (Terrific Broth, 1 liter each) with kanamycin and chloramphenicol by induction with 1 mM isopropyl 1-thio-␤-D-galactopyranoside at 37°C for 3 h. E. coli cells were harvested, resuspended in buffer A (20 mM sodium phosphate (pH 7.0), 500 mM NaCl, 10% glycerol) with 1 mM DTT, 1 mM PMSF, and 2.0 g/ml pepstatin A, frozen in a liquid nitrogen bath, and rethawed in a water bath at 25°C. Obtained cell suspensions were mixed with a one-fourth volume of the buffer A with 500 mM ␤-OG (␤-octylglucoside, Nacalai), incubated at 4°C for 1 h with gentle shaking, and centrifuged at 50,000 rpm for 1 h at 4°C using a 70Ti rotor (Beckman). Supernatants were mixed with a 50% slurry of nickel-nitrilotriacetic acid-agarose (Qiagen) or COSMOGEL His-Accept (Nacalai) in buffer A with 100 mM ␤-OG (10 ml each) and incubated at 4°C for 2 h with gentle agitation. After washing the resins in the buffer A with 100 mM ␤-OG, GST-His 6 -or His 6 -tagged SNAREs were eluted with the same buffer containing 200 mM imidazole.
Reconstitution of SNARE Proteoliposomes-RPLs with purified yeast SNAREs were prepared as described previously (11-13) with modifications. All non-fluorescent lipids were obtained from Avanti Polar Lipids, except for ergosterol from Sigma. Fluorescent lipids, N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-PE (NBD-PE), N-(lissamine rhodamine B sulfonyl)-PE, and dansyl-PE, were purchased from Invitrogen. Lipid mixes for the donor and acceptor RPLs contained POPC (1-palmitoyl 2-oleoyl phosphatidylcholine) (44 or 46% (mol/mol) for donor or acceptor, respectively), 1-palmitoyl 2-oleoyl phosphatidylethanolamine (18%), soy phosphatidylinositol (18%), 1-palmitoyl 2-oleoyl phosphatidylserine (4.4%), 1-palmitoyl 2-oleoyl phosphatidic acid (2.0%), ergosterol (8.0%), cardiolipin (1.6%), diacylglycerol (1.0%), and fluorescent lipids (1.5% each of NBD-PE/N-(lissamine rhodamine B sulfonyl)-PE or 1.0% of dansyl-PE for donor or acceptor, respectively). Dried lipid films with these compositions were dissolved (final 2.5 mM total lipids) in RB500 (20 mM Hepes-NaOH (pH 7.4), 500 mM NaCl, 10% glycerol) with ␤-OG (100 mM) and mixed with purified SNAREs (final 5.0 M each) that had been digested by human rhinovirus 3C protease (Novagen) and then incubated (4°C, 1 h, gentle agitation). After dialysis of the mixed micellar solutions containing ␤-OG/lipids/SNAREs against RB500, the SNARE RPLs formed were purified by Histodenz-gradient flotation (TLS-55 (Beckman), 50,000 rpm, 2 h, 4°C), harvested from the 0/30% Histodenz interface, diluted with RB150 (20 mM Hepes-NaOH (pH 7.4), 150 mM NaCl, 10% glycerol) to 2 mM total lipids, and stored at Ϫ80°C, as described previously (11) .
RPL Lipid Mixing Assay-Lipid mixing of the SNARE RPLs was assayed as described previously (11-13) with modifications. Typically, donor RPLs (200 M lipids in RB150) in black 384-well plates (no. 3676, Corning) were preincubated at 30°C for 10 min in a SpectraMAX Gemini XPS plate reader (Molecular Devices). After a 10-min preincubation, acceptor RPLs (500 M lipids in RB150) were added to the donor RPLs, and these mixed RPL reactions were further incubated at 30°C for 30 min, followed by the addition of ␤-OG (100 mM) to fully dequench NBD fluorescence. During the lipid mixing reactions, NBD fluorescence ( excitation ϭ 460 nm, emission ϭ 538 nm, emission cutoff ϭ 515 nm) was monitored at 30-s intervals, 30 reads per well on the medium PMT setting (arbitrary units). The ratios of NBD fluorescence (%) were calculated as described previously (11) . Each graph includes data from one experiment and is representative of at least three independent experiments.
In Vitro GST Pull-down Assay-GST-tagged Qc-or R-SNARE (Vam7p, Tlg1p, Syn8p, or Nyv1p; final, 4 M) was incubated with His-tagged SNAREs (final, 4 M) in RB500 containing 100 mM ␤-OG at 4°C for 1 h with gentle agitation. The SNARE mixture (400 l) was then added to 200 l of a 50% slurry of glutathione-Sepharose 4 Fast Flow (GE Healthcare) pre-equilibrated in RB500 containing 100 mM ␤-OG, followed by further incubation at 4°C for 1 h with gentle shaking. After centrifugation (13,000 rpm, 2 min, 4°C), the glutathione-Sepharose beads were washed four times in 400 l RB500 containing 100 mM ␤-OG. SNARE proteins bound to the beads were eluted (100°C, 5 min, 2.0% SDS) and assayed by SDS-PAGE and Coomassie Blue staining.
RESULTS
The QabcR-SNAREs required for homotypic fusion of yeast vacuoles (25) (26) (27) , i.e. Vam3p (Qa), Vti1p (Qb), Vam7p (Qc), and Nyv1p (R), have been tested using RPL systems with purified SNAREs. These studies show that vacuolar Qabc-and R-SNAREs undergo fusion when separately reconstituted into two RPL populations (11, 12, 22, 28) . In this study, to determine the extent to which vacuolar Q-and R-SNAREs regulate organelle fusion specificity, we reconstituted proteoliposomes bearing SNAREs that function in yeast vacuolar, endosomal, and ER-Golgi compartments ( Fig. 1 and supplemental Fig. S1 ). Among 19 members of yeast Q-SNAREs, six Q-SNAREs were purified, including three vacuolar Q-SNAREs, endosomal Pep12p (Qa), Tlg1p (Qc), and Syn8p (Qc) (Fig. 1A) (29, 30) . For an R-SNARE protein, three of the five yeast R-SNAREs were purified, including vacuolar Nyv1p, endosomal Snc2p, and ERGolgi Sec22p. These purified SNAREs were cleaved with a human rhinovirus 3C-protease to remove their tags and reconstituted into Qabc-SNARE RPLs and R-SNARE RPLs ( Fig. 1 ) with vacuole-mimic lipid composition (11, (31) (32) (33) . Although the current Qabc-and R-SNARE RPL preparations contained some amounts of a cleaved-off GST-His 6 fragment (Fig. 1B) , we have confirmed that a GST-His 6 protein has little effect on our lipid mixing assays (supplemental Fig. S2) .
Specificity of Vacuolar SNARE-dependent RPL Fusion-Reconstituted fusion of SNARE-RPLs was monitored by a well established fluorescence assay of lipid mixing (19, 34) . First, we tested the cognate pair of vacuolar Qabc-and R-SNARE RPLs that were prepared in the current reconstituted system (Figs. 1 and 2). As reported (11, 28) , when reconstituted with a complex but physiological vacuole-mimic lipids, vacuolar R-SNARE RPLs bearing Nyv1p undergo efficient lipid mixing with the cognate partner of vacuolar Qabc-SNARE RPLs bearing Vam3p, Vti1p, and Vam7p (Fig. 2, E) . This lipid mixing requires each of the three Q-SNAREs on Q-SNARE RPLs ( Fig.  2A) and also thoroughly depends on the specific Qabc:R topology of vacuolar SNARE RPLs (B), in accordance with previous observations (11, 28) . Even though this Qabc:R topological restriction is established for vacuolar SNAREs in yeast, it should be noted that the multiplicity in topologies was reported previously for mammalian early endosomal SNAREs (35) .
Once we confirmed the requirement of the Qabc:R topology for vacuolar SNAREs, we tested whether vacuolar QabcSNAREs (Vam3p/Vti1p/Vam7p) only recognize the cognate partner for fusion. Unexpectedly, vacuolar Qabc-SNARE RPLs robustly caused fusion with not only the cognate R-SNARE RPLs bearing Nyv1p but also with the non-cognate R-SNARE RPLs bearing endosomal Snc2p or ER-Golgi Sec22p (Fig. 3A) . Non-selective lipid mixing was fully blocked by adding the Nyv1p soluble domain lacking a transmembrane region (Nyv1p⌬TMD) as a competitive inhibitor, indicating that even the non-cognate R-SNARE RPLs with Snc2p or Sec22p undergo fusion through trans-SNARE pairing with vacuolar Qabc-SNAREs (Fig. 3A ). Despite these current observations, previous studies with yeast SNAREs by Rothman and co-workers (22) reported that, among 11 v-SNAREs, including the three R-SNAREs tested here, Nyv1p was the only v-SNARE to exhibit substantial lipid mixing with vacuolar Qabc-SNAREs. It should be noted that a simple and non-physiological lipid composition of phosphatidylcholine/phosphatidylserine was used in their reconstitution with yeast SNAREs (22) . Nevertheless, our data indicate promiscuous RPL fusion by yeast R-SNAREs (Fig. 3A) , thereby demonstrating that R-SNAREs are unable to mediate fusion specificity independently.
In contrast to R-SNAREs, we found that the specific assembly of Qabc-SNAREs was crucial for defining membrane fusion specificity (Fig. 3, B-D) . RPL lipid-mixing assays were further applied with six of the miscellaneous Q-SNARE combinations, which include vacuolar Vam3p/Vti1p/Vam7p, early endosomal Pep12p/Vti1p/Tlg1p, late endosomal Pep12p/Vti1p/Syn8p, and three mixed Q-SNARE sets, Pep12p/Vti1p/Vam7p, Vam3p/Vti1p/Tlg1p, and Vam3p/Vti1p/Syn8p (Fig. 3B-D) . When tested with vacuolar R-SNARE RPLs bearing Nyv1p (Fig.  3B) , most of the non-cognate and/or mixed Qabc-SNARE sets were unable to cause fusion, exhibiting little lipid mixing (Fig.  3B) . In addition to the cognate partner of vacuolar QabcSNAREs, only Pep12p/Vti1p/Vam7p gave the substantial lipid mixing with Nyv1p (Fig. 3B) . Further lipid mixing assays with the non-vacuolar R-SNAREs (Snc2p and Sec22p) acquired comparable results to those with Nyv1p. Only the same two sets of Qabc-SNAREs (Vam3p/Vti1p/Vam7p and Pep12p/Vti1p/ Vam7p) caused robust lipid mixing, whereas the remaining four Q-SNARE sets had no potency to initiate RPL fusion (Fig.  3, C and D) . RPL studies with various Q-SNARE sets established that fusion-competent Qabc-SNARE complexes require specific and appropriate combinations of Q-SNAREs. Considering that the endosomal Qc-SNAREs Tlg1p and Syn8p cannot substitute for Vam7p, whereas the endosomal Qa-SNARE Pepe12p can fully or partially restore fusion in place of Vam3p (Fig. 3,  B-D) , Qc-SNAREs might be a critical SNARE subfamily to regulate fusion specificity.
As we showed that endosomal Qabc-SNARE combinations, Pep12p/Vti1p/Tlg1p and Pep12p/Vti1p/Syn8p, are not capable of initiating lipid mixing even with the cognate partner of R-SNARE Snc2p (Fig. 3C) , we then asked whether the lack of fusogenic activities for these endosomal Q-SNAREs are due to nonspecific causes. To address this issue, we assayed RPL lipid mixing with the endosomal SNAREs but in the presence of PEG, which is a reagent to induce aggregation of liposomal membranes (36, 37) (Fig. 4) . Strikingly, PEG supported efficient RPL lipid mixing between endosomal R-SNARE RPLs bearing Snc2p and Qabc-SNARE RPLs bearing Pep12p/Vti1p/Tlg1p or Pep12p/Vti1p/Syn8p (Fig. 4) . This PEG-induced lipid mixing was completely inhibited by adding an exogenous soluble Snc2p domain lacking the transmembrane domain (Fig. 4) .
Together, these results demonstrate that PEG allows endosomal Q-SNAREs to cause RPL fusion through trans-SNARE pairing and that thus, endosomal Q-SNAREs used in this study can be active when an additional specific factor, such as PEG, is present.
Non-cognate and Mixed SNARE Complex Assembly with Vacuolar Q-SNAREs-Non-cognate and mixed combinations of Qabc-SNAREs with vacuolar and endosomal Q-SNAREs by themselves were completely inactive for driving RPL fusion (Fig. 3, B-D) . To investigate whether their fusion incompetence depended on the intrinsic capacity to form SNARE complexes, we employed an in vitro GST pull-down assay with purified full-length SNAREs in detergent solution (Fig. 5) . The GSTtagged Qc-SNAREs (GST-Vam7p, GST-Tlg1p, and GSTSyn8p) were incubated with various sets of vacuolar SNAREs (Fig. 5, A-C, lanes 5-8) , immobilized to GSH-Sepharose beads, washed, and isolated from the beads. SDS-PAGE and Coomassie Blue staining were then used to analyze the SNAREs that were bound to GST-tagged Qc-SNAREs (Fig. 5, A-C, lanes  1-4) . Vacuolar Qc-SNARE Vam7p efficiently formed Qabcand QabcR-SNARE complexes with vacuolar SNAREs but not binary Qac-and Qbc-SNARE complexes (Fig. 5A, lanes 1-4) . The non-cognate endosomal Qc-SNAREs Tlg1p and Syn8p were also specifically assembled into the stable Qabc-and QabcR-SNARE complexes with vacuolar SNAREs (Fig. 5, B and  C, lanes 1-4) . Additionally, Tlg1p and Syn8p competitively blocked the SNARE-complex assembly of Vam7p with the cognate vacuolar SNAREs (Fig. 5D, lanes 1-3) . To further confirm the promiscuous in vitro assembly of vacuolar SNAREs with the non-cognate endosomal Qc-SNARE Tlg1p and Syn8p, we performed an alternative pull-down assay with GST-Nyv1p and His 6 -tagged Q-SNAREs ( Fig. 5E and supplemental Fig. S3 ). GST-Nyv1p can be readily assembled into the mixed QabcR-SNARE complexes with Tlg1p and Syn8p as well as the cognate QabcR-SNARE complex with Vam7p (Fig. 5E, lanes 3-5) . Even under conditions where both the cognate Vam7p and non-cognate Tlg1p or Syn8p are present at equal concentrations, significant amounts of the mixed non-cognate QabcR-SNARE complexes with these endosomal Qc-SNAREs were isolated (Fig.  5E, lanes 6 -7) . Thus, our results indicate that endosomal QcSNAREs Tlg1p and Syn8p can be substituted for the cognate Vam7p in terms of SNARE complex formation, suggesting that fusion specificity in the current reconstitution does not simply rely on the physical SNARE-SNARE interactions in solution.
We next explored whether the non-cognate and mixed SNARE complexes with vacuolar and endosomal SNAREs can be functional in the presence of lipid bilayers. First, we reconstituted several types of R-SNARE RPLs that contained not only vacuolar R-SNARE Nyv1p but also various combinations of vacuolar/endosomal Q-SNAREs and employed lipid mixing assays using these R-SNARE RPLs (Fig. 6A) . When R-SNARE Nyv1p was coreconstituted with Qabc-SNAREs in either the cognate or non-cognate combinations, these R-SNARE RPLs were thoroughly inactive and gave no lipid mixing with acceptor RPLs bearing vacuolar Qabc-SNAREs (Fig. 6A, Ⅺ, f, and  ‚) . In contrast, the R-SNARE RPLs that contained Nyv1p and only Qab-SNAREs Vam3p/Vti1p largely retained their potency to cause fusion, exhibiting efficient lipid mixing comparable with the R-SNARE RPLs bearing Nyv1p alone (Fig. 6A, ⅷ) , although it has been found that Nyv1p, Vam3p, and Vti1p can be assembled into a cis-QabR-SNARE complex in solution (Fig.  5E, lane 2) . These lipid mixing data indicate that even the noncognate mixed Q-SNARE sets with endosomal Tlg1p or Syn8p, as well as the cognate vacuolar Qabc-SNAREs, can readily assemble with Nyv1p on RPL membranes, forming an inactive "cis"-QabcR-SNARE complex that no longer causes lipid mixing.
As non-cognate Tlg1p and Syn8p are fully comparable with vacuolar Vam7p in terms of cis-SNARE complex formation in solution (Fig. 5 ) and on membranes (Fig. 6A) , we next addressed the question of whether these endosomal Qc-SNAREs are capable of stably forming mixed trans-QabcR-SNARE complexes with vacuolar SNAREs on two opposing membranes. In Fig. 6B , R-SNARE RPLs bearing Nyv1p were preincubated with non-fusogenic and mixed Qabc-SNARE RPLs bearing Vam3p/ Vti1p/Tlg1p or Vam3p/Vti1p/Syn8p at 30°C for 30 min. Fusogenic vacuolar Q-SNARE RPLs bearing Vam3p/Vti1p/Vam7p were then added to initiate lipid mixing after a 30-min preincubation (Fig. 6B) . If the non-fusogenic mixed Qabc-SNAREs containing Tlg1p or Syn8p still restored the capacity to form trans-QabcR-SNARE complexes, non-productive trans-SNARE pairs would accumulate during the preincubation and thereby substantially reduce the intrinsic fusogenic potency of the R-SNARE RPLs bearing Nyv1p. Despite this expectation, after adding vacuolar Q-SNARE RPLs at 30 min, lipid mixing was not inhibited at all by the lengthy preincubation with the non-fusogenic mixed Q-SNARE RPLs, as compared with the reaction with the buffer control (Fig. 6B, E and •) . These results indicate that the non-cognate Qc-SNAREs Tlg1p and Syn8p are not capable of forming trans-SNARE complexes with vacuolar SNAREs and suggest that trans-SNARE pairing is an essential step to mediate fusion specificity, at least in the homotypic organelle fusion of yeast vacuoles.
DISCUSSION
To determine whether SNAREs themselves contribute to the membrane fusion specificity in eukaryotic endomembrane systems, we thoroughly characterized nine isolated SNAREs in yeast that function in vacuoles (lysosomes), endosomes, and ER-Golgi (Fig. 1) using an RPL lipid mixing assay (Figs. 2, 3 , 4, and 6) and an in vitro GST pull-down assay (Fig. 5) . Our study certainly established the importance of Q-SNAREs for specificity and provides three major conclusions: 1) R-SNAREs cannot regulate fusion specificity alone. In addition to vacuolar R-SNARE Nyv1p, even non-cognate R-SNAREs, i.e. endosomal Snc2p and ER-Golgi Sec22p, can cause efficient fusion with vacuolar Qabc-SNAREs (Fig. 3A) , even though these three R-SNAREs are fully divergent in length and sequence (Fig. 1A) . It should be noted that the GFP-tagged Snc2p was largely observed on vacuoles in yeast cells (38) and that nyv1 deletion vacuoles were not fragmented in vivo (39) . 2) Specific combinations of Qabc-SNAREs are required for fusion. By only replacing the vacuolar Qc-SNARE Vam7p with endosomal Tlg1p or Syn8p, the resulting mixed and non-cognate Qabc-SNARE sets (Vam3p/Vti1p/Tlg1p and Vam3p/Vti1p/Syn8p) were completely unable to initiate fusion (Fig. 3, B-D) . Endosomal Qa-SNARE Pep12p can be largely substituted for vacuolar Qa-SNARE Vam3p in lipid mixing assays (Fig. 3, B-D) , and this supports the in vivo observation that overexpression of PEP12 suppressed vacuole fragmentation in the vam3 deletion strain (40) . Thus, Qc-SNAREs may be more important for mediating fusion specificity, rather than other SNARE subfamilies. It should be mentioned that the previous RPL studies with yeast endosomal SNAREs and a PC/PS lipid composition found that these SNAREs caused lipid mixing when exogenously added "Snc2-C-pept," a peptide derived from the Snc2p SNARE domain and that this Snc2-C-pept-induced lipid mixing was further enhanced by removal of the N-terminal domains in endosomal Q-SNAREs (41). 3) Trans-SNARE complex assembly is a critical step for defining fusion specificity, whereas mixed and non-cognate Qabc-SNARE sets are quite comparable with the cognate Qabc-SNAREs during cis-SNARE complex formation in solution and on membranes. The mixed Qabc-SNARE complexes with vacuolar Qab-and endosomal Qc-SNAREs indeed have no potency to assemble into transQabcR-SNARE complexes on two opposing membranes (Figs. 5 and 6).
Previous in vitro studies with isolated SNAREs have led to two conclusions with respect to the specificity of SNARE-dependent membrane fusion. One is the idea that fusion specificity is encoded by SNARE pairing to a marked degree, as proposed by the SNARE hypothesis (42) . This is strongly supported by comprehensive analyses of RPL fusion with yeast SNAREs (22, 23) . In contrast, the other conclusion provides the quite divergent concept that SNARE pairing is rather promiscuous and, thereby, largely incapable of regulating fusion specificity. Indeed, in vitro experiments with SNAREs in mammals showed that the endosomal and exocytic SNAREs readily form noncognate and mixed SNARE complexes (43, 44) and cause promiscuous RPL fusion by non-physiological SNARE pairing (24) . Despite the fact that we used the same approaches with the purified SNAREs and the RPL lipid mixing assay, our conclusions do not fully agree with either of these previous concepts. This might be due to the differences in experimental details, including lipid compositions, lipid to protein ratios, and salt concentrations (22, 24) . Nevertheless, our findings establish that Q-SNAREs are the key components to mediate fusion specificity through the specific assembly of appropriate Qabc-SNARE complexes, whereas R-SNAREs have little contribution. Our current reconstitution with vacuolar/endosomal SNAREs provides new insights into the regulation of SNAREdependent fusion in other cellular compartments and is a platform for exploring how SNARE chaperones and regulatory lipids work together to specifically assemble fusion-competent Qabc-SNARE complexes.
